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Abstract
In this work we solved the time-dependent Ginzburg-Landau equations, TDGL, to simulate two superconducting
systems with different lateral sizes and with an antidot inserted in the center. Then, by cycling the external magnetic
field, the creation and annihilation dynamics of a vortex-antivortex pair was studied as well as the range of temper-
atures for which such processes could occur. We verified that in the annihilation process both vortex and antivortex
acquire an elongated format while an accelerated motion takes place.
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1. Introduction
A variety of exotic behaviors which arise from con-
finement effects in superconducting materials have been
extensively studied both for type I [1, 2] and type II [3–
23] superconductors. Particularly, the penetration and
propagation of vortices in superconducting materials are
issues of great interest both from the theoretical point of
view and in applications of these materials. In general,
a vortex interacts with the surface of the sample and, af-
ter surpassing it; with other vortices, which can already
have penetrated the sample; as well as with defects that
might be present. Defects, in general, act as pinning
centers avoiding the dissipative motion of vortices and,
as a consequence, the critical current density, Jc, and
the upper critical field, Hc2, of the superconductor can
be increased.
In a previous work, Sardella et al., [24] used the time-
dependent Ginzburg-Landau, TDGL, equations to study
the annihilation process of a vortex-antivortex pair, V-
AV, in a square mesoscopic system with a centered
square antidot, AD. As described there, the average ve-
locity of the vortex presents distinct values for different
processes, i.e., while entering, its velocity is of the order
of 103m/s whereas in the annihilation motion the aver-
age velocity is of the order of 105m/s. In the present
work we used the TDGL equations to study, in two
systems, the temperature range for which a V-AV pair
should occur in the superconductor region. Such sys-
tems are infinitely long cylinders of square cross sec-
tion. A square AD with lateral size of 2ξ(0) was inserted
in the center of the system. The creation of a V-AV pair
was done by cycling the magnetic field which was ap-
plied parallel to the axis of the cylinder. The field was
increased until at least one vortex was trapped in the
AD, and then decreased and reversed. In such process,
a vortex is trapped in the AD and, upon decrease of the
field, one of the following three events could occur, de-
pending on the value of the temperature and the lateral
size of the sample: (i) an antivortex penetrates the sam-
ple and the annihilation occurs in the AD; (ii) the vortex
leaves the AD and the annihilation occurs in the super-
conducting region, and (iii) the vortex is untied and then
leaves the sample. In this work we have studied the con-
ditions under which event (ii) can occur, and analyze the
dynamics of the annihilation process. It is interesting to
note that, even when the effective superconducting re-
gion has the same size of the vortex core, i.e, d = 2ξ(0),
a V-AV pair is formed and an annihilation process takes
place.
The outline of this work is as follows. First, in section
2, we provide an overview of the theoretical formalism
used to run the simulations. Next, in section 3 we dis-
cuss some results obtained for two systems with lateral
sizes of L = 6ξ(0) and L = 12ξ(0) and in section 4 we
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present our conclusions.
2. Theoretical Formalism
The superconducting state is described by the
Ginzburg-Landau theory through a complex order pa-
rameter ψ for which |ψ|2 represents the density of
Cooper pairs. In regions where |ψ|2 is small, the su-
perconductivity is suppressed. At the core of a vor-
tex, |ψ|2 = 0, whereas the local magnetic field h is
maximum. To determine h and ψ, the time dependent
Ginzburg-Landau equations, TDGL, were used:
(
∂
∂t
+ iΦ
)
ψ = − (−i∇ − A)2 ψ
+(1 − T )ψ(1 − |ψ|2) ,
β
(
∂A
∂t
+ ∇Φ
)
= Js − κ2∇ × h , (1)
where the supercurrent density is given by
Js = (1 − T )< [ψ∗ (−i∇ − A)ψ] , (2)
A is the vector potential which is related to the local
magnetic field as h = ∇ × A, and Φ is the scalar po-
tential. As we have worked with the normalized TDGL
equations, the distances are measured in units of the co-
herence length at zero temperature ξ(0); the magnetic
field is in units of the zero temperature upper critical
field Hc2(0); the temperature T is in units of the critical
temperature Tc; the time is in units of the characteristic
time t0 = pi~/8kBTc; κ is the Ginzburg-Landau parame-
ter; β is the relaxation time of A, related to the electrical
conductivity. We have adopted, for the upper critical
field, a linear dependence with respect to temperature,
i.e., Hc2(T ) = Hc2(0)(1 − T ). For small size supercon-
ductors this is also valid for temperatures well below Tc,
despite the microscopic derivation of the TDGL equa-
tions being valid only for T very close to Tc [25, 26].
Notice that the TDGL equations [27] are gauge invari-
ant under the transformations ψ′ = ψeiχ, A′ = A + ∇χ,
Φ′ = Φ − ∂χ/∂t. Thus, in particular, we choose the
zero-scalar potential gauge, that is, Φ = 0 at all times
and positions.
3. Results and Discussion
The simulations were carried out by using β = 1
and κ = 5 for two square systems with lateral sizes
L = 6ξ(0) and L = 12ξ(0) where a square AD of side
L = 2ξ(0) was inserted in the center of the system. The
temperature was varied in steps ∆T = 0.2Tc and the
external field in ∆H = 10−3Hc2(0). Thus, we found
the range of temperatures for which the annihilation of
a V-AV pair occurs in the superconducting region. As
described in section 1 the creation of a V-AV pair was
done by cycling the applied magnetic field. Thus, one of
the three processes described in section 1 could occur.
Fig. 1 shows the points which delimitate the regions of
the tree distinct behaviors, i.e., below the lower points,
situation (i) takes place; above the higher points one has
the situation (iii); and between such points, option (ii)
takes place.
Fig. 2 shows a magnetization versus applied magnetic
field curve, both normalized by Hc2(0), for the simu-
lated systems. Note that, as the superconducting region
of the sample with L = 12ξ(0) is greater than that for
the sample with L = 6ξ(0), two vortices nucleate into
the sample in the first penetration, being trapped by the
AD. When the field is reversed, firstly one vortex is un-
tied from the AD and then leaves the sample. In the
sequence, for negative values of the applied field, an-
other vortex leaves the AD and a V-AV pair is created
with the penetrating antivortex. Thus, the annihilation
of such pair occurs in the superconducting region.
Another intriguing behavior is the formation of a V-
AV pair in the smaller sample. Such sample has an ef-
fective superconducting region with width d = 2ξ(0),
i.e., the size of the vortex core diameter. However, the
presence of the AD distorts the vortex/antivortex pro-
file, i.e., these entities acquired an elongated format and,
as the effective superconducting region is very small,
such elongations, where the order parameter has small
values, overlaps creating a channel between the region
outside the system and the AD. In this channel, the or-
der parameter is very small and the cores of the vortex
and of the antivortex, with |ψ|2 = 0, move toward each
other until full annihilation. Figure 3 shows such pro-
cess where, for better visualization, we have plotted the
logarithm of ψ. The white spots locate the vortex (near
the AD) and the antivortex (near the border of the sam-
ple).
As can be seen in Fig. 4, the vortex and the antivortex
also present an elongated shape however, as the effective
superconducting region is very wide, there is no channel
liking the AD to the outer space. In the sequence, as the
vortex and the antivortex approach each other, the re-
gion where superconductivity is practically suppressed
- which is quite elongated in this system configuration -
progressively overlap until the complete annihilation of
the pair.
Figure 5 shows curves of normalized position versus
normalized time for both studied systems. Note that the
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Figure 1: (Color online) Limits for the dynamics of vortex-antivortex
annihilation in the superconducting region. The dashed lines are only
guides for the eyes. The star symbols indicate the systems for which
the annihilation dynamics was analyzed.
vortex (antivortex) presents an accelerated motion when
leaving the AD (entering the system) due to the circu-
lating currents. After that, a motion of constant velocity
takes place as indicated in Fig. 5 by the straight lines
and, as the vortex and the antivortex are approaching
each other, motion is accelerated again until the pair an-
nihilation.
4. Conclusions
This work was carried out by using the TDGL equa-
tions in their discretized form to simulate superconduct-
ing samples with a central AD. It was shown that in the
annihilation process, both the vortex and the antivortex
acquire an elongated shape. In the smaller sample, a
channel between the outer of the system and the AD is
created. The motion of the vortex-antivortex pair was
also analyzed and we observed that the movement is ac-
celerated at the early and final stages of the annihila-
tion process. However, a motion with constant velocity
takes place between these two accelerated situations. A
detailed study of such dynamics will be published soon
elsewhere.
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